Atmospheric changes that may affect physiological and biogeochemical processes in old-growth tropical forests include: (i) rising atmospheric CO 2 concentration; (ii) an increase in land surface temperature; (iii) changes in precipitation and ecosystem moisture status; and (iv) altered disturbance regimes. Elevated CO 2 is likely to directly influence numerous leaf-level physiological processes, but whether these changes are ultimately reflected in altered ecosystem carbon storage is unclear. The net primary productivity (NPP) response of old-growth tropical forests to elevated CO 2 is unknown, but unlikely to exceed the maximum experimentally measured 25% increase in NPP with a doubling of atmospheric CO 2 from pre-industrial levels. In addition, evolutionary constraints exhibited by tropical plants adapted to low CO 2 levels during most of the Late Pleistocene, may result in little response to increased carbon availability. To set a maximum potential response for a Central Amazon forest, using an individual-tree-based carbon cycling model, a modelling experiment was performed constituting a 25% increase in tree growth rate, linked to the known and expected increase in atmospheric CO 2 . Results demonstrated a maximum carbon sequestration rate of ca. 0.2 Mg C per hectare per year (ha Ϫ1 yr Ϫ1 , where 1 ha = 10 4 m 2 ), and a sequestration rate of only 0.05 Mg C ha Ϫ1 yr Ϫ1 for an interval centred on calendar years 1980-2020. This low rate results from slow growing trees and the long residence time of carbon in woody tissues. By contrast, changes in disturbance frequency, precipitation patterns and other environmental factors can cause marked and relatively rapid shifts in ecosystem carbon storage. It is our view that observed changes in tropical forest inventory plots over the past few decades is more probably being driven by changes in disturbance or other environmental factors, than by a response to elevated CO 2 . Whether these observed changes in tropical forests are the beginning of long-term permanent shifts or a transient response is uncertain and remains an important research priority.
INTRODUCTION
Atmospheric greenhouse gases are rapidly increasing due to human activities (IPCC 2001a) . CO 2 alone represents ca. 60% of the total global warming potential of wellmixed greenhouse gases (Hansen et al. 1998) . A vast amount of research indicates that climate change is an inevitable consequence of increasing greenhouse gases, although the magnitude, timing, precise location and direction of these changes remain uncertain (IPCC 2001b) . Considerable effort has been directed towards determining the role of tropical land-use change in the production of CO 2 (Houghton 1991; Fearnside 1997; Fearnside & Barbosa 1998; Houghton et al. 2000) , but less research has focused on the response of old-growth tropical forests to changes in atmospheric chemistry and climate. Recent work using a network of tropical forest inventory plots demonstrated increases in: (i) tree recruitment and mortality (Phillips & Gentry 1994) ; (ii) total tree biomass (Phillips et al. 1998); climbing woody plant (liana) abundance (Phillips et al. 2002) . Whether or not these observations are evidence of a response to atmospheric change or a transient phenomenon, is an interesting and important question.
Although climate change in the tropics is often expected to be less than in extra-tropical regions this is not necessarily the case. Wielicki et al. (2002) and Chen et al. (2002) , for example, found larger than expected variations in the tropical atmospheric energy budget, which were associated with El Niñ o and La Niñ a (ENSO) events (Hartmann 2002) . Stronger and more frequent ENSO events are potential results of increasing greenhouse gases (Timmermann et al. 1999; Fedorov & Philander 2000) , and ENSO events can have profound effects on tropical precipitation and surface temperature (Holmgren et al. 2001) . Precipitation in much of the Amazon basin, for example, is appreciably reduced during El Niñ o and enhanced during La Niñ a (de Souza et al. 2000; Ronchail et al. 2002) . Perhaps more important than changes in precipitation per se, changes in disturbance regimes (e.g. tree mortality) linked to atmospheric change may have marked effects on forest structure and functioning (Condit et al. 1995; Williamson et al. 2000; Dale et al. 2001) . Severe weather events such as hurricanes and powerful storms are expected to increase both in intensity and severity with climate change (Emanuel 1987; Gray 1990 ). In the Amazon basin, catastrophic blowdowns associated with strong convective storms can raze up to 30 000 ha of forest in a single event (Nelson et al. 1994 ). An increase in the frequency and intensity of these disturbances has the potential to drive large changes in tropical forest structure and functioning.
Processes in the terrestrial biosphere can act as important climate feedback mechanisms, and changing ecological dynamics may be particularly important. Changes in temperature, precipitation and disturbance regimes may result in altered plant community structure and shifts in carbon allocation and storage, which can subsequently impact upon atmospheric CO 2 concentrations. Several studies have explored how atmospheric change may drive community structure, species distribution and ecosystem processes in temperate, boreal and arctic ecosystems (Walther et al. 2002) , but the response of tropical ecosystems has received much less attention (Enquist 2002) . However, research in disturbed areas such as large canopy gaps and forest fragments has demonstrated that species composition and carbon cycling dynamics can change dramatically over relatively short periods (Lugo & Scatena 1996; Laurance et al. 1997 Laurance et al. , 1998a Dale et al. 2001) .
Forest response to atmospheric change can occur at several different phenomenological scales. Some of the physiological responses of leaves to changes in CO 2 concentration or light intensity, for example, can be almost instantaneous, whereas changes in tree community structure brought about by a gradually shifting climate may take decades to centuries. In addition, some responses may be transient and not reflect long-term ecosystem acclimation. Moreover, not all changes have impacts on forest carbon balance and NEP. For example, photosynthetic carbon assimilation often responds strongly to elevated CO 2 , whereas the corresponding growth response may be considerably less marked or non-existent. Also, carbon allocated to the increased productivity of fast-cycling tissues, such as leaves and fine roots, or to carbohydrate storage and root exudate, may be quickly returned to the atmosphere from autotrophic and heterotrophic respiration, and have little impact on longterm carbon balance. By contrast, changes in carbon allocation to long-lived woody tissues or slow-cycling SOM result in relatively long-term shifts in forest carbon balance (Lloyd & Farquhar 1996; Field 1999; Chambers et al. 2001a; Telles et al. 2003) .
There have been many studies on the effects of elevated CO 2 on physiological, ecological and biogeochemical processes. However, the relevance of most of these studies to old-growth forests remains unclear in many cases, and tropical studies are even more limited (e.g. Wü rth et al. 1998; Winter et al. 2001a,b) . Elevated CO 2 experiments on plants undergoing stress or changes in resource availability may offer some insight, and studies in natural (unmanaged) ecosystems may be most relevant for understanding tropical forest response. Recently, FACE technology has allowed manipulation of ambient CO 2 concentration while minimizing experimental artefacts (Allen et al. 1992) Norby et al. 2001b) . Natural CO 2 springs provide additional opportunities to study tree response to lifetime elevated CO 2 exposure (Hättenschwiler et al. 1997; Tognetti et al. 2000) .
This review focuses on the ecophysiological and biogeochemical responses of tropical forests to atmospheric change. We address the following questions. (i) Will tropical forest ecosystems accumulate additional carbon under elevated CO 2 , and if so, at what rate? (ii) How will tropical forests respond to altered disturbance regimes expected under a changing climate? (iii) Is there evidence that tropical forests are already responding to elevated CO 2 or other atmospheric changes? An important consideration is not to predict what the precise changes will be, but to highlight the important processes that may lead to alterations in forest structure and function. Predicting how tropical forests ecosystems will respond to global change is a formidable task, and a synthesis of research on key processes may help provide a foundation for shaping future research priorities. There are relatively few studies on the response of tropical plants and forests to atmospheric change, and thus, in many cases, we are forced to draw on results from numerous extra-tropical studies.
LEAF GAS EXCHANGE
Predicting the response of tropical forests to elevated atmospheric CO 2 is impeded by the absence of experimental studies for intact tropical ecosystems. Existing elevated CO 2 studies for tropical forest plants are limited to seedlings and saplings (Wü rth et al. 1998 ) and model communities (Kö rner & Arnone 1992; Winter et al. 2001a,b) . Generalizing results from these studies is further confounded by differences in container (pot) size, soil nutrient status and competitive interactions among species. Nevertheless, results from these and innumerable extra-tropical studies have shed considerable light on leaflevel responses to elevated CO 2 , higher temperatures and changes in moisture status.
Photosynthesis responds differently to CO 2 concentration at different temperatures (Farquhar et al. 1980) . This is primarily due to competitive carboxylation and oxygenation reactions catalysed by Rubisco. The rate of the oxygenation reaction (photorespiration) increases more rapidly than the carboxylation reaction as temperature increases, and CO 2 is also less soluble than O 2 at higher temperatures (Farquhar et al. 1980; Farquhar & von Caemmerer 1982; Lambers et al. 1998) . Thus, under elevated CO 2 , higher temperatures are less inhibitory because the substrate concentration for the carboxylation reaction is proportionally increased. Kirschbaum et al. (1994) modelled these direct photosynthetic responses (without additional feedback effects or interactions with water use) and predicted that, compared with rates at preindustrial CO 2 concentration, photosynthesis in the year 2000 would be ca. 20% higher at 35°C but only 5% higher at 5°C (see also Grace et al. 1996) .
One of the most consistent responses of plants to elevated CO 2 is an increase in WUE. Generally, the amount of carbon assimilated per unit water loss (i.e. WUE) increases because stomatal conductance and transpiration are reduced under elevated CO 2 , whereas internal CO 2 concentration (C i ) remains relatively constant (but see Marshall & Monserud 1996) , so that more carbon is assimilated at a given transpiration rate (Hsiao & Jackson 1999) . Thus, an increase in WUE is similar in some respects to a decrease in water stress (Amthor 1999) . The magnitude of this effect, however, is dependent on the experimental conditions. Field et al. (1995) found that stomatal conductance was reduced 31% for plants in growth chambers, 17% for plants in open-top chambers and 4% for plants grown in the ground. Furthermore, there are often large species differences in WUE and plant response to drought under elevated CO 2 (Beerling et al. 1996) . An increase in WUE is probably the most common leaf-level response to elevated CO 2 , although changes in WUE are not necessarily linked with proportional changes in plant growth.
Growth under elevated CO 2 often alters how leaves respond to CO 2 . This is demonstrated by measuring net photosynthesis (A) as a function of internal CO 2 concentration (C i ) (A-C i curves). Both increases and decreases of A at varying levels of C i (down-and upregulation) have been demonstrated Hsiao & Jackson 1999; Rogers & Ellsworth 2002) . When additional carbohydrate can support increased growth, there is a tendency for upregulation, whereas when carbon is assimilated in excess of a plant's ability to initiate new sinks, there is a tendency for downregulation. Also, there appears to be less downregulation in field-grown plants under elevated CO 2 where roots are allowed to explore a larger volume of soil (Stitt 1991; Hsiao & Jackson 1999) . For example, Thomas & Strain (1991) demonstrated that downregulated cotton plants improved photosynthetic capacity within 4 days of transfer from small to large pots. In addition, plants experiencing low nitrogen availability often show increased downregulation under elevated CO 2 , but response varies, and additional studies of low nutrient supply are needed to further elucidate complex interactions with other resources and stresses (Hsiao & Jackson 1999) . Thus, the physiological response of tropical trees to elevated CO 2 will depend, in part, on opportunities to initiate new sinks. If carbon is assimilated in excess of the capacity to generate new sinks, a decrease in photosynthetic capacity is often the result (Stitt 1991; Amthor 1995; Ceulemans et al. 1999) . This sink regulation of photosynthesis (Herold 1980; Ng & Hew 1999 ) may be particularly important in nutrient-deficient tropical forests with a high capacity for carbon assimilation but low carbon use efficiency (Chambers et al. 2004a) .
Tropical trees often experience midday and post-midday declines in photosynthetic carbon assimilation rates that may be driven by moisture stress (Williams et al. 1998) . If moisture stress is the causal factor, midday depression may be partly ameliorated under elevated CO 2 , although experimental studies are lacking. However, other factors may also cause reductions in post-midday carbon assimilation rates. For example, photosynthesis is one of the most heat sensitive of plant physiological processes, and temperatures in the range of 35-45°C tend to inhibit photosynthetic rates (Berry & Bjö rkman 1980) . Although the change in mean surface temperature in response to elevated greenhouse gases is expected to be less in the tropics than at higher latitudes, changes in global circulation patterns such as ENSO (Timmermann et al. 1999; Fedorov & Philander 2000) can have larger impacts than Phil. Trans. R. Soc. Lond. B (2004) expected when considering greenhouse gases alone. The optimum temperature for photosynthesis tends to increase under elevated CO 2 , and many plants are flexible in acclimating to higher temperatures (Berry & Bjö rkman 1980) . However, species response to high temperature varies considerably, and studies are needed to determine what species with what characteristics are particularly vulnerable. Because direct solar radiation in the tropics often increases midday leaf temperatures beyond 40°C (Koch et al. 1994; Ishida et al. 1999; Kitao et al. 2000) , protective mechanisms may frequently be invoked, resulting in relatively lowered post-midday photosynthetic rates under environmental conditions that are similar to those that occur during morning hours.
Nutrient availability can also interact with plant responses to elevated CO 2 , particularly in the moist tropics where most soils are highly weathered with low inputs of primary minerals (Sanchez 1976) . Growth of tropical plant species increased under high nutrient availability and elevated CO 2 (Kö rner & Arnone 1992), but not when soil nutrient availability resembled field conditions (Arnone & Körner 1995) . Many CO 2 manipulation experiments on individual (potted) tropical plants were conducted under unnaturally high nutrient concentrations Reekie & Bazzaz 1989; Ziska et al. 1991) , and results from these studies may not reflect plant response under field conditions. At the same time, elevated CO 2 studies in small pots are often suspected of demonstrating a reduced response due to root growth inhibition (Hsiao & Jackson 1999 ). However, tropical forest soils often contain high fine-root density ( Jackson et al. 1996) and belowground competition is strong. Thus, the response of plants under conditions of high root density may actually be a better reflection of response under field conditions.
Generalizing gas exchange studies performed on individual leaves and plants to canopies and whole forests is problematic (Ehleringer & Field 1993) . One issue of particular interest is whether reduced transpiration rates will result in elevated leaf temperatures. Although many studies demonstrate increased WUE per unit leaf area, this may not necessarily result in a reduction in whole forest transpiration rates (Amthor 1999) . First, growth in elevated CO 2 can alter leaf size and number with the potential to change ecosystem LAI (Hsiao & Jackson 1999) , and there are often interactions between biochemical and morphological responses to elevated CO 2 (Peterson et al. 1999 ). An increase in LAI with a decrease in stomatal conductance may ultimately have no effect on total forest transpiration rate, although in tropical forests where LAI is often high, there may be little room for additional leaf area. Stomatal density also tends to decrease under elevated CO 2 , which can affect ecosystem transpiration rates, although feedbacks with the planetary boundary layer are complex and difficult to predict (Jarvis & McNaughton 1986) . Eddy covariance measurements in the Amazon basin show that ca. 80% of intercepted net radiation is lost as latent heat and only 20% by convection (Grace et al. 1995) , demonstrating the importance of leaf cooling by transpiration for tropical trees (Beerling et al. 2001) . Thus, although reduced whole forest transpiration rates would probably result in elevated leaf temperatures, predicting large-scale transpiration response is neither straightforward nor well understood (Jarvis & McNaughton 1986 ).
PLANT RESPIRATION
Two different effects of elevated CO 2 on plant respiration have been suggested and are often referred to as direct (short-term) and indirect (long-term) effects. Although these studies were not performed on tropical plants, many results from extra-tropical studies are probably relevant. First, initial studies indicated that a direct reduction in respiration was caused by inhibition by CO 2 of the activity of a key enzyme (cytochrome c oxidase) in the mitochondrial electron transport chain (GonzalezMeler et al. 1996) . However, recent studies suggest that flux control cannot be attributed to enzymatic constraints (Gonzalez-Meler & Siedow 1999; Bunce 2001 ). It appears that elevated CO 2 has little, if any, direct effect on plant respiration, and that CO 2 effects found in earlier studies were primarily experimental artefacts caused by leaks and other factors (Amthor 1997 (Amthor , 2000 Gonzalez-Meler & Siedow 1999; Amthor et al. 2001; Tjoelker et al. 2001; Bruhn et al. 2002; Jahnke & Krewitt 2002) . Nevertheless, Hamilton et al. (2001) , even after carefully correcting for experimental artefacts, recently found a direct 10% inhibition of night-time leaf respiration by elevated CO 2 (ϩ 200 p.p.m.v.) for sweetgum trees, although there was no direct inhibition for loblolly pine needles. Although it appears that a consensus is yet to fully emerge on the direct inhibition of plant respiration by elevated CO 2 , the direct effect is probably much less important than suggested in earlier studies.
The indirect (long-term) effects of elevated CO 2 on plant respiration are also contradictory. A recent metaanalysis found that growth in elevated CO 2 reduces leaf (dark) respiration by ca. 18% (per unit mass) (Curtis & Wang 1998) . However, other studies have found increases or no long-term response of leaf respiration to elevated CO 2 (Amthor 1997; Norby et al. 1999; Tjoelker et al. 1999; Hamilton et al. 2001) . The response of woody tissue respiration is also inconsistent. Edwards et al. (2002) found that growth and maintenance respiration of woody tissues increased by 23% and 48%, respectively, under elevated CO 2 (×1.4 ambient) in a FACE experiment in a sweetgum plantation. Interestingly, during a 4 day period when CO 2 fumigation was turned off, both stem respiration and sucrose concentrations declined. By contrast, for ponderosa pine growth in open-top chambers, Carey et al. (1996) found that only woody tissue maintenance respiration increased under elevated CO 2 , not growth respiration, and the difference was only found above 21°C. Further contrasting, Janous et al. (2000) found slightly less total stem respiration under elevated CO 2 for Norway spruce in open-top chambers.
It appears that the long-term response of plant respiration to elevated CO 2 is complex, and further studies are needed to clarify contradictory results. In ecosystems where wastage (e.g. non-functional, futile cycles, alternative oxidase) respiration is an important process, the response of respiration to elevated CO 2 may be even more complex. For example, in addition to the cytochrome pathway that produces ATP, plants also have an alternative respiratory pathway of questionable utility (Lambers 1982 (Lambers , 1997 . Several potential functions of the alternate pathway include (but are not limited to): (i) the production of heat, for example, to attract pollinators to Phil. Trans. R. Soc. Lond. B (2004) reproductive organs; (ii) as an overflow in response to excess carbohydrate; (iii) as a way to less efficiently produce ATP in response to low inorganic phosphorus (P i ); and (iv) to maintain excessive electron transport capacity so that a plant can quickly respond to changes in resource availability. Whereas the cytochrome pathway is regulated by carbohydrate, P i and ADP availability, regulation of the alternate respiratory pathway is more complex, and the factors that control its activity are not well understood (Gonzalez-Meler et al. 2001) .
No studies have looked at how carbohydrate partitioning between the cytochrome and alternate oxidase responds to elevated CO 2 . Because total respiratory efflux comprises construction (R c ), maintenance (R m ) and wastage (R w ) components, studies that consider only R c and R m may be obscuring relative changes in these key processes. Chambers et al. (2004a) found that ca. 70% of assimilated carbon was lost as autotrophic respiration for central Amazon trees growing on nutrient-deficient soils. If much of this respiration in non-functional (i.e. R w ), central Amazon trees may already be capturing carbon in excess of immediate metabolic needs, and may not be particularly responsive to increased carbon availability (Chambers et al. 2004a ).
ADAPTIVE AND EVOLUTIONARY CONSTRAINTS
Recent plant exposure to elevated atmospheric CO 2 represents only a small fraction of the past ca. 500 000 years when CO 2 levels maintained 180-280 p.p.m.v. (Petit et al. 1999) . Thus, much of the world's flora is probably adapted to the relatively low CO 2 levels of the Late Pleistocene, and adaptive traits conferring survival at low CO 2 may constrain plants from exploiting increased carbon availability (Sage & Coleman 2001) . This evolutionary legacy may have resulted in plants that are overly conservative in terms of stress response, growth potential, allocation patterns and storage investment, and despite the current and expected increase in atmospheric CO 2 , many plants may often respond as if carbon were still a limiting resource (Sage & Cowling 1999) .
Owing to substrate limitation and a relative increase in photorespiration under low CO 2 , photosynthetic rates for C 3 species are predicted to have been 20-30% less in the late nineteenth century and 40-60% less during the last glaciation (Sage 1995) . Vegetation from tropical regions would have been more negatively impacted because the effect of low atmospheric CO 2 on both photorespiration and substrate limitation are much greater at higher rather than lower temperatures (Sage & Coleman 2001) . Also, in the same way that CO 2 enrichment can attenuate the inhibitory effects of other stresses (Amthor 1999; Hsiao & Jackson 1999) , CO 2 depletion can aggravate stresses (Sage 1995) , and these stresses may have been heightened in many tropical trees. Conditions that are not harmful today may have been unfavourable under lower CO 2 , and if these conditions increased the probability of mortality, they may have acted as strong selective pressures (Sage & Cowling 1999) . Thus, although temperature and moisture stresses are expected to be relieved under elevated CO 2 , owing to evolutionary constraints, many plants may be conservative in response to this relief. Tropical tree species may exhibit particularly conservative adaptations conferring elevated photosynthetic capacity and more carbohydrate storing mechanisms than needed under elevated CO 2 .
Tropical trees often experience several environmental and ecological stresses including chronically low nutrient availability, strong seasonal variability in precipitation, large diurnal changes in leaf temperature and plant water status, and intense competition for resources with other plants. Some of these stresses may have been aggravated during recent geological time. In addition to lower atmospheric CO 2 , for example, precipitation may have been reduced in many tropical regions during Pleistocene glaciations (Vanderhammen & Absy 1994; Mora & Pratt 2001) . Given these conditions of the evolutionary past, how might tropical trees have adapted to effectively balance the acquisition of numerous resources with differing availabilities? In general, plants living under stressful conditions often acquire limiting resources in excess of metabolic needs, and then exploit these stored resources during stressful periods (Chapin 1980; Mooney & Chiariello 1984; Bloom et al. 1985) . Plant response to stress involves complex interactions among resource availabilities and acquisition strategies under the prevailing conditions (Grime 1988; Tilman 1993 ) and these responses may be maladaptive under changing conditions (Sage & Cowling 1999) .
Tree species employ several strategies for coping with drought in seasonally dry tropical forests, and many of these involve maintaining adequate carbohydrate reserves. This is readily apparent in a marked annual periodicity of leaf production and senescence. Although the exact mechanisms that drive these phenological patterns are uncertain (Wright & Cornejo 1990; Wright & Van Shaik 1994; Reich 1995) , they are clearly timed to avoid drought stress and take advantage of more favourable conditions as the rainy season begins. For example, several species are drought deciduous with a leaf flush that occurs at the end of the dry season (Wright 1996 ). Yet other canopy tree species have different leaf phenotypes produced at the beginning and end of the wet season, the latter of which may be adapted for reducing moisture stress by increasing WUE (Mulkey et al. 1992; Kitajima et al. 1997) . In both cases, sufficient carbohydrate reserves are required to produce a new crop of leaves, and to maintain minimal metabolic rates when moisture stress is severe or the canopy is leafless, and these allocation strategies may not vary even when stress is relieved. For example, Wright & Cornejo (1990) irrigated plots in a Panamanian forest during the four month dry season and found that, for most species, the timing of leaf fall did not differ between manipulated and control plots, indicating that plant water status is rarely the proximal cue for leaf fall. Similarly, phenological patterns of growth and resource allocation may not be particularly responsive to stress relief associated with elevated CO 2 .
Similar to seasonal changes in carbon acquisition strategies, many tropical trees probably maximize carbon gain early in the day before midday leaf temperatures rise and leaf water potential declines to potentially harmful levels. Midday moisture and temperature stress increases the degree to which carbon is a limiting resource (Koch & Mooney 1996 ) and these diurnal responses may also have been heightened under a Pleistocene climate. Although these midday stresses may be alleviated under elevated CO 2 , many plants may be responding to other cues (e.g. vapour pressure deficit, temperature), and respond
Phil. Trans. R. Soc. Lond. B (2004) conservatively. Perhaps the high carbohydrate storage demonstrated in some studies at the current atmospheric CO 2 indicates that many plants already maintain excessive photosynthetic capacity (Gifford & Evans 1981; Stitt 1991; Stitt & Schulze 1994) . Excessive carbohydrate accumulation under elevated CO 2 may also invoke novel stresses, including carbohydrate toxicity (Ehret & Jolliffe 1985; Stitt 1994) .
Many tropical tree species may be adapted to minimize water loss and maximize carbon gain and storage for use during stressful periods. Under 180-280 p.p.m.v. CO 2 of the Pleistocene, WUE would have probably been reduced (Amthor 1999) , and during these times, variation in WUE and allocation strategies may have conferred differential success in species adaptation (Hsiao & Jackson 1999 ). Numerous elevated CO 2 studies in natural and simulated plant communities show little or no increase in growth despite large increases in photosynthetic rates, WUE and the level of carbohydrate storage (Bazzaz 1990; Koch & Mooney 1996) . To avoid stresses associated with CO 2 depletion during the Pleistocene, genetically fixed limits on growth rate restricting competition between new tissue production and storage, ensuring adequate carbohydrate reserves during stress conditions, may have been advantageous (Sage & Cowling 1999) . Developmental controls over maximum meristematic activity may restrict the growth potential for many tropical tree species, limiting growth even when carbon is abundant.
NET PRIMARY PRODUCTIVITY
Although many studies show an increase in productivity under elevated CO 2 , the magnitude of this response is often dependent on the experimental conditions. First, changes in productivity found under elevated CO 2 are usually smaller and more variable than stimulation of leaf photosynthesis (Koch & Mooney 1996; Sage & Cowling 1999) . Second, enhanced productivity is generally lower for natural as compared with managed ecosystems (Field 1999) . Third, productivity stimulation is often reduced under conditions of low soil nutrient supply (Kirschbaum et al. 1994; Curtis & Wang 1998) , although stimulation may be enhanced under low water supply (Poorter & Perez-Soba 2001) . Winter et al. (2000) found that biomass accumulation for a model community of two species grown in open-top chambers in a forest clearing in Panama was not significantly affected by elevated CO 2 . By contrast, with the addition of large amounts of fertilizer (Winter et al. 2001b) , biomass accumulation was enhanced by more than 50%. Although much has been gained from elevated CO 2 studies using various experimental systems, complex feedbacks and interactions in natural ecosystems make comprehensive generalizations difficult, especially for old-growth tropical forest ecosystems.
FACE technology (Allen et al. 1992) alleviates some of the problems associated with other methods for experimentally increasing ambient CO 2 concentration. Although FACE experiments have been conducted for numerous types of ecosystem, forest FACE studies are quite limited, including those conducted at a loblolly pine (Pinus taeda) plantation forest in North Carolina (DeLucia et al. 1999; Oren et al. 2001; Hamilton et al. 2002) and a sweetgum plantation in Tennessee (Norby et al. 2001b; Edwards et al. 2002) . In the loblolly pine plantation, DeLucia et al. (1999) found that NPP was stimulated by ca. 25%, and that this increased productivity was maintained for at least 4 years . By contrast, in an adjacent longer-running non-replicated FACE experiment, Oren et al. (2001) found that although the growth enhancement was similar to that found in the replicated experiment for the first 3 years (DeLucia et al. 1999; Hamilton et al. 2002) , productivity during years 4-7 returned to rates found in the control plots. Short-term and long-term responses to elevated CO 2 are, in many cases, likely to differ substantially (Luo & Reynolds 1999; McMurtrie et al. 2000; Thornley & Cannell 2000) underscoring the need for a cautious approach to broad extrapolations from short-term studies (Oren et al. 2001) .
There is usually a direct reduction in stomatal conductance in response to elevated CO 2 resulting in increased WUE, and in some cases increased WUE delays the arrival of water stress. Thus, even if photosynthetic rates are not altered under elevated CO 2 , an increase in WUE may reduce water stress and allow greater opportunities for growth (Hättenschwiler et al. 1997; Amthor 1999) . A delay in water stress may be particularly important in tropical forests. Silva et al. (2002) demonstrated that wood tissue production, and hence NPP, is significantly reduced in the dry season in a central Amazon forest, and many tropical forests experience seasonal rainfall. However, it is important to note that Silva et al. (2002) found that tree growth was more highly correlated with average than actual monthly precipitation, suggesting that seasonal phenological changes are more important than actual precipitation (e.g. Wright & Cornejo 1990) in determining changes in woody tissue growth. Thus, seasonal changes in precipitation may alter tissue production rates directly through changes in moisture availability, but phenological patterns of leaf growth, senescence and carbon allocation may be much more resistant to change.
The residence time of carbon in different tissues varies considerably in tropical forests. Leaves and fine roots, for example, are short-lived and decompose relatively quickly, whereas slow growing trees of the central Amazon can live for more than 1000 years (Chambers et al. 1998 (Chambers et al. , 2001c , and the trunks and branches of large dead trees can take many decades to decompose (Chambers et al. 2000) . Thus, productivity gains that primarily increase fast-cycling tissues will have little effect on ecosystem carbon storage, but the partitioning of additional photosynthate to woody tissue production will result in relatively large increases in carbon storage. A possible exception to this could be if significant changes in fine litter quality occurred resulting in a negative feedback to decomposition rates.
Experimental studies on how changes in nutrient availability affect NEP under elevated CO 2 can be misleading because, at most, they address only the first few years of the CO 2 response, before ecosystem carbon and nutrient stocks can change substantially. Unless elevated CO 2 is accompanied by increased nutrient inputs, decreased nutrient losses, or increased partitioning of nutrients to long-lived tissues, decreased nutrient availability in response to increased nutrient storage is essentially unavoidable (Field 1999) . Thus, what ultimately limits NPP and carbon storage is the progressive decrease in nutrient availability, not the initial levels.
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Growth response to elevated CO 2 also appears to be dependent on interactions among trees . For example, found that increased relative growth rates for Scots pine were evident only during the first year, and after the canopy closed no consistent growth response to elevated CO 2 was observed. In addition, Quercus ilex growing for 30 years near a CO 2 spring exhibited no growth stimulation after canopy closure (Hättenschwiler et al. 1997) .
In summary, experimental and theoretical evidence suggests that NPP in forested ecosystems may increase by anywhere from zero to 25% under doubled atmospheric CO 2 (from pre-industrial levels). Further constraining this range for tropical forests is hindered by a lack of appropriate large-scale manipulative studies. However, to at least quantify the maximum long-term response of central Amazon forest to an increase in NPP, Chambers et al. (2001a) performed a modelling experiment. Briefly, forest carbon cycling is modelled by simulating recruitment, growth, death and decomposition of individual trees in a plot that varies from 10 to 100 ha. The model was parameterized with, and tested against, extensive field data from the central Amazon, and details are provided in Chambers et al. (2004b) and Chambers (1998) . Using an earlier version of this model, Chambers et al. (2001a) increased woody tissue production linearly by 25% (the maximum experimental response) over an arbitrary 50 year interval, and the corresponding increase in total wood biomass demonstrated a maximum sink capacity of ca. 0.5 Mg C ha Ϫ1 yr Ϫ1 for a central Amazon forest. We use a modified version of the Chambers et al. (2001a) model to perform a more realistic model experiment by linking the increase in NPP to the known and expected rise in atmospheric CO 2 concentration (Neftel et al. 1985; Friedli et al. 1986; IPCC 2000; Keeling & Whorf 2002) , with the NPP response following a so-called beta (␤)-function (Amthor & Koch 1996) . Model results indicated a remarkably long lag-time before total tree biomass reached a new dynamic equilibrium, and a maximum sink capacity of ca. 0.2 Mg C ha Ϫ1 yr
Ϫ1
, which became evident only several decades into the twenty-first century (figure 1). For comparison with carbon accumulation measured on a network of tropical forests inventory plots (ca. 0.5 Mg C ha Ϫ1 yr Ϫ1 ; Phillips et al. 1998) , the model predicted a carbon sink strength for calendar years 1980-2020 of only 0.05 Mg C ha Ϫ1 yr Ϫ1 or approximately one order of magnitude less than Phillips et al. (1998) . Thus, at least for this central Amazon forest, it appears unlikely that recent changes in biomass dynamics and species composition (Phillips & Gentry 1994; Phillips et al. 1998 Phillips et al. , 2002 are being driven by elevated CO 2 . We suspect that changes in other environmental factors, such as increased forest disturbance during the latter part of the twentieth century (Chambers et al. 2004b) , the geometry of solar radiation (Farquhar & Roderick 2003; Gu et al. 2003) and shifts in mean annual precipitation (Schuur 2003) are more plausible potential drivers of this non-equilibrium behaviour of old-growth tropical forests.
TREE MORTALITY AND SUCCESSION
Changes in disturbance frequency and tree mortality in tropical forests can have large impacts on forest structure and functioning, and there is evidence that changes are occurring in tropical forests. For example, Phillips & Gentry (1994) found that rates of both tree mortality and recruitment have increased since the 1950s, with most of the increase since the 1980s for 22 pantropical old-growth forest sites. Although the cause of this observed increase in forest turnover is unclear, climate change and deforestation are possible sources (Phillips & Gentry 1994) . Strong ENSO events have been pronounced during the latter part of the twentieth century (Fedorov & Philander 2000) , and the frequency and intensity of ENSO events may be linked to climate change (Timmermann et al. 1999) . Also, because the presence or absence of vegetation can alter the hydrological cycle and surface energy budget, deforestation can also influence regional climate (Shukla & Mintz 1982; Lawton et al. 2001) . Shukla et al. (1990) , for example, estimated that complete deforestation of the Amazon basin would result in a ca. 25% reduction in regional precipitation. Phillips et al. (2002) documented an increase in the dominance of woody climbing plants (lianas) in Amazonian forests by using a series of permanent inventory plots. Because lianas thrive in disturbed environments, this change may be partly due to increased forest turnover rates (Phillips & Gentry 1994 ) that would increase the forest fraction in gap regeneration phase. Although lianas may also respond more favourably to elevated CO 2 concentration, the present-day increase is probably not yet sufficient to drive noticeable changes (figure 1), although CO 2 -driven changes in species composition may become increasingly important as atmospheric CO 2 continues to increase throughout the twenty-first century. Increased disturbance can result in rapid shifts in ecosystem processes and tree species composition (Laurance et al. 1997, Phil. Trans. R. Soc. Lond. B (2004) 1998a,b), whereas CO 2 , increasing at a present rate of ca.
, is more likely to cause gradual shifts in forest species composition. Hättenschwiler et al. (1997) found that oak tree growth in natural CO 2 springs was enhanced only during the first 25-30 years of growth, whereas mature trees were not affected by elevated CO 2 , suggesting that the early regeneration phase may respond more to elevated CO 2 than mature forests.
In many tropical forests, most gaps are relatively small and the abundance of true pioneer species (e.g. Cecropia spp., Vismia spp.) is low. For example, gaps smaller than 200 m 2 were 76% of all canopy openings at La Selva Biological Station (Sanford et al. 1986) , and daily integrated light levels in these small gaps are less than 20% full sunlight (Denslow et al. 1990) . Several ecological processes are thought to vary as a function of gap size. The species composition of trees that fill gaps, for example, is often quite similar to that of the surrounding forest, and only once a gap passes a critical large size do pioneer species become abundant (Hubbell et al. 1999) . The size of gaps may also affect nutrient availability and other factors such as soil temperature and soil moisture Uhl et al. 1988; Silver et al. 1996; Denslow et al. 1998) . However, results from Denslow et al. (1998) indicate that the vast majority of shade-tolerant species are little affected by gap-induced changes in nutrient availability, and that these changes may mostly favour high-lightdemanding species. Thus tree mortality and gap formation typically result in relatively small changes in biogeochemical cycling, although once a critical threshold is passed, forest structure and functioning can change dramatically.
Changing atmospheric conditions may result in synergistic effects that ultimately result in marked changes in the structure and functioning of tropical forests. First, changes in disturbance frequency, such as ENSO events and the intensity of convective storms, may alter the size and abundance of canopy gaps. Increased tree mortality will not only initiate regeneration in gaps, but will also result in increased growth for mature canopy trees owing to the release of local competition for resources (Chambers et al. 2004b) . Elevated mortality will be particularly important if the largest trees are impacted more heavily. In many tropical forests a large fraction of the above-ground biomass is stored in a few of the largest trees (Brown et al. 1995) , and Laurance et al. (2000) found that mortality rates for the largest trees increased more than smaller trees in response to forest fragmentation. Elevated atmospheric CO 2 may have little effect on most mature canopy trees (Hättenschwiler et al. 1997) , but increased carbon availability may give competitive advantages to some species such as light-demanding pioneers, climbing woody plants and trees having mutualistic relationships with nitrogen-fixing organisms.
NUTRIENT UPTAKE
Nutrient availability is well known to influence plant response to elevated CO 2 (Arnone & Körner 1995; Winter et al. 2001a) . In temperate ecosystems, low N availability often limits NPP and has the potential to inhibit growth responses to CO 2 fertilization . In highly weathered soils typical of tropical forests, N is relatively abundant and P is the most commonly limiting element to NPP. This is because P is supplied primarily through the weathering of parent material, whereas N accumulates through biological processes (McGill & Cole 1981) . Soil P becomes depleted over long time periods because the gradual leaching of organic and mineral forms are not balanced by replacement from rock weathering, atmospheric inputs or other depositional processes. Phosphorus can also become limiting to vegetation because of P occlusion with Fe and Al oxides and hydroxides, and the formation of resistant secondary minerals. Because highly weathered tropical soils typically have abundant reactive Fe and Al minerals, the removal of P from the rapidly cycling labile pool through these mechanisms is thought to be a dominant fate of P in these ecosystems (Uehara & Gillman 1981) .
The question of whether P limitation will inhibit the growth response to elevated CO 2 in tropical forests is complex. Plants have evolved several mechanisms to alleviate low P stress, including associations with mycorrhizal fungi (Went & Stark 1968) ; the ability to produce enzymes that may help release P adsorbed on exchanged sites or held in organic molecules; the ability to resorb P from foliar tissue before leaf senescence (Vitousek 1984; Silver 1994) ; and a strategy of allocating significant C to root biomass on or near the soil surface to efficiently cycle P from decaying organic matter (Stark & Jordan 1978) . The response of these processes to elevated CO 2 is more likely to control nutrient interactions with elevated CO 2 than direct changes in nutrient uptake in tropical forests.
In a recent review, Lloyd et al. (2001) suggest that tropical forests are not strongly limited by P, and that P limitation will not inhibit a potential growth response under elevated CO 2 . Their argument stems from two primary assumptions: (i) that the labile P pool is in equilibrium with the non-labile pool over time periods relevant to Phil. Trans. R. Soc. Lond. B (2004) current atmospheric changes; and (ii) that P mineralization and uptake in soils will keep pace with P demand due to the production of organic acids associated with root and mycorrhizal activity. The Lloyd et al. (2001) proposal that tropical forests are not truly limited by P contradicts widely held beliefs that low P pools strongly influence rates of tropical forest growth.
Long-term fertilization studies have not been conducted in low elevation, old-growth tropical systems, but studies in montane forests on highly weathered soils have shown a significant delay in any increased above-ground growth following fertilizations (Tanner et al. 1990 (Tanner et al. , 1992 . No studies have explored the possibility of shifts in carbon allocation following fertilization in tropical forests that might contribute to the observed increase in above-ground biomass production. Native vegetation is likely to be adapted to the resource conditions under which it occurs (Chapin 1980) ; certainly high NPP and the evolution of mechanisms to enhance P acquisition, suggest that these forests are able to access and take up adequate P. However, the assumption that tropical forests could increase their P capture and uptake over a relatively short time periods (associated with current the CO 2 fertilization effect), and sustain this increased growth, is not strongly supported by previous research. First, the labile P pool is unlikely to be in equilibrium with the less labile pools over the time-scale relevant to our ability to detect a CO 2 fertilization effect. Lloyd et al. (2001) use the Langmuir model to describe the dynamics of P movement from sorbed to soluble fractions. The migration of PO 4 ions from labile pools to adsorbed and then to occluded pools is likely to occur on the scale of hours to weeks. By contrast, the diffusion of P from sorbed or Fe and Al bound forms, occurs on a scale of many decades or longer (Tinker & Nye 2000) . Thus, an increase in P demand due to CO 2 fertilization may result in the depletion of the labile pool with a much slower rate of replacement than assumed by Lloyd et al. (2001) .
Factors controlling rates of P mineralization are not well understood in tropical forests. For rates of P mineralization to increase commensurately with an increase in growth rates under elevated CO 2 , stimulation of microbial activity and/or the production of phosphatase enzymes are required. A study using a cultivated wheat species found that root phosphatase production increased under elevated CO 2 when soil P levels were low (Barrett et al. 1998) . We know of no similar studies on tropical forest tree species, and too little is known about the behaviour of phosphatase production in tropical forests, to predict the response to elevated CO 2 . There is good evidence that the mycorrhizal associations can be maintained under elevated CO 2 , and as Lloyd et al. (2001) point out, this is likely to result from more root tissue available for infection than from direct CO 2 enhancement.
In summary, there is not yet sufficient evidence to discount the possibility that nutrients and specifically P will limit the ability of tropical forests to enhance growth under elevated CO 2 . While we agree with Lloyd et al. (2001) that tropical forests have evolved numerous strategies to help offset the strong P sorption capacity of highly weathered tropical forest soils, mechanisms to increase P acquisition sufficiently to lead to a measurable growth response lack experimental evidence.
FINE AND COARSE LITTER DYNAMICS AND SOIL ORGANIC MATTER STORAGE
Because NEP is the difference between NPP and heterotrophic respiration, factors that change either process result in changes in ecosystem carbon storage. However, most research focuses on the input side of this equation, and much less work has been performed on respiration of SOM and dead plant material. Both production and decomposition are likely to be directly or indirectly sensitive to atmospheric changes in CO 2 levels, temperature and precipitation. These processes and their degree of coupling are also likely to be affected by the frequency and severity of disturbance events. Litterfall is thought to be balanced by decomposition over short periods of one or more years, but few studies have measured this directly. If atmospheric change has a greater proportional impact on one of the two processes, then significant positive or negative feedbacks in carbon cycling may occur. For example, if trees are more drought tolerant than heterotrophs, then drying events could increase standing stocks on the forest floor and lead to changes in soil temperature, moisture and potentially increase the probability of fire. It is generally assumed that the flux of nutrients and carbon from decomposing litter provides the bulk of nutrients for plant growth over short time periods (sensu Stark & Jordan 1978) . It follows that forests are likely to rapidly equilibrate to new steady-state conditions of litter production and decomposition with climate change owing to nutrient limitation. Again, this has never been tested and may underestimate the importance of the soil and SOM as reservoirs of labile nutrients (Tiessen et al. 1994) .
There has been considerable work done to estimate rates of fine litter production in tropical forests (Clark et al. 2001) , and rates vary strongly with precipitation (Silver 1998) . Above-ground fine-litter production ranges from 0.8 Mg C ha Ϫ1 yr Ϫ1 (n = 37) in seasonally dry tropical forests to 8 Mg C ha Ϫ1 yr Ϫ1 (n = 93) in humid tropical forests. Similarly, litterfall appears to be sensitive to temperature in the tropics, although the relationships are often not linear. Much less work has been done to relate decomposition to climate and climate change in the tropics. Litter decomposition rates often correlate with litter quality when climate and edaphic conditions are held constant. Some studies have found changes in litter quality and quantity under elevated CO 2 (Norby et al. 2001a; Hamilton et al. 2002) and inferred changes in decay rates (Melillo et al. 1993) . However, when tropical plants were grown under elevated CO 2 conditions, litter quality and decay rates were unchanged (Hirschel et al. 1997) . Few studies have looked at the effects of temperature on decomposition in the tropics. Litterfall decomposition rates often decrease exponentially with increasing elevation in the tropics suggesting an effect of temperature, although rates appear to be most sensitive to litterfall N concentrations (Silver 1998) .
Tropical forests growing on highly weathered soils often allocate considerable photosynthate to root biomass (Jackson et al. 1996) . Roots are more buffered against climate changes than above-ground tissues by their location in the soil. Fine root production rates (less than 2 mm diameter) range from 0.6 to 7.7 Mg C ha Ϫ1 yr Ϫ1 in tropical forests, and follow no apparent biome-level trend with Phil. Trans. R. Soc. Lond. B (2004) precipitation or temperature (Silver 1998) . Fine root decomposition rates range from 0.3 to 0.9 yr Ϫ1 (Silver & Miya 2001 ) and turnover ranges from 0.04 to 2.6 yr Ϫ1 (Gill & Jackson 2000) . In mesocosm studies, tropical plants increased their allocation to roots when exposed to elevated CO 2 and high soil nutrient conditions (Kö rner & Arnone 1992), but under low nutrient availability there was no statistically significant increase in root biomass with CO 2 fertilization (Arnone & Kö rner 1995) . Controls over the rate of coarse litter decomposition (trunks and branches greater than 10 cm in diameter) are also poorly understood, although work in the central Amazon has demonstrated that decomposition rates vary with wood density, diameter and moisture content and that the respiratory flux from coarse litter was similar in magnitude to that from fine litter (Chambers et al. 2000 (Chambers et al. , 2001b .
The largest changes in litter dynamics under elevated CO 2 conditions will probably be linked to alterations in litter production, either from increased productivity or changes in disturbance frequency. For example, at the Duke FACE site, Hamilton et al. (2002) found a 165% increase in total heterotrophic respiration in response to elevated CO 2 (ϩ 200 p.p.m.v.), largely brought about by an increase in litter production. Thus, if much of any additional productivity under elevated CO 2 is allocated to fast-cycling tissues or exudates, forest carbon balance may be little changed.
Another potentially important C sink in tropical forests is SOM. Tropical forests store approximately the same amount of C below ground as above ground (Brown et al. 1993; Dixon et al. 1994) . Soil C storage occurs through four primary mechanisms: free particulate organic matter, C sorption to mineral surfaces (Christensen 1992) , C-C associations, generally through hydrophobic bonding (Piccolo & Mbagwu 1999) and C storage in soil aggregates (Oades & Waters 1991) . These processes can be related when, for example, aggregation is enhanced through mineral and hydrophobic associations. In general, C stored in stable aggregates and associated with mineral surfaces is thought to have longer turnover times than free SOM and C-C bonds although this has not been thoroughly examined in tropical forests.
The deep profiles and fine texture of many tropical forest soils, together with the high proportion of amorphous organic and mineral material result in very large soil C storage capacity. The rate of deposition may or may not be balanced by heterotrophic respiration. The mean residence time for surface soil C in tropical forests is generally relatively short (6-30 years; Townsend et al. 1995; Trumbore et al. 1995) , but can be very long when SOM reacts with certain amorphous minerals such as allophane, common in young volcanic soils (Torn et al. 1997) . Deep highly weathered tropical soils may be especially important repositories for C. Carbon inputs from deep roots found in seasonally dry tropical forests can dramatically increase the soil C pools at depth, which tend to have a very slow turnover time (less than 1000 years) when compared with surface soil environments .
Detecting changes in soil C pools with elevated CO 2 , climate change and associated environmental changes can be very difficult in tropical forests owing to the large soil C pool size, although stable and radioisotope techniques are dramatically increasing our ability to identify changes in soil C pools and fluxes. The factors that are most likely to lead to greater soil C storage in mature tropical forests are: (i) increased hydrophobicity of litter through changes in plant species composition or litter quality; (ii) increased rooting depth associated with decreased soil moisture or nutrient availability; (iii) increased C allocation to root biomass and root exudates both of which can affect the amount of C inputs and mean residence times; and (iv) greater root density and fungal associations that contribute to the formation of stable aggregates. Any one or combination of these factors could contribute to greater soil C storage over relatively short time periods. However, although many tropical soils clearly have a large long-term carbon storage capacity, Telles et al. (2003) demonstrate that the annual sink capacity is relatively low, and not likely to be important over annual to decadal time-scales.
SUMMARY
Elevated CO 2 (doubled pre-industrial) studies in natural ecosystems have demonstrated NPP increases of 0-25%, with plants growing under nutrient stress showing the lowest response. Because many tropical forests occur on nutrient-deficient soils, evidence to support a 25% increase in NPP for many tropical forests under elevated CO 2 is non-existent. In addition, evolutionary constraints of plants adapted to low CO 2 levels during much of the Late Pleistocene, may limit tree response to additional carbon. However, to at least constrain the maximum expected carbon sequestration response for a central Amazon forest, we performed a model experiment with a 25% increase in NPP (using a ␤-function) tied to the known and expected rise in CO 2 concentration from 1850 to 2100 (figure 1). The low sequestration rate predicted by the model (0.2 Mg C ha Ϫ1 yr
Ϫ1
) is not only considerably less than measured in a global network of forest inventory plots (Phillips et al. 1998) , but because of a significant lag time, sequestration due to an assumed CO 2 fertilization response would only become evident well into the twenty-first century. We suspect that changes being observed in tropical forests (Phillips & Gentry 1994; Phillips et al. 1998 Phillips et al. , 2002 are more plausibly being driven by changes in other environmental factors, such as disturbance (Chambers et al. 2004b) or solar radiation (Gu et al. 2003) , which have the capacity to cause more rapid shifts in ecosystem carbon storage than increasing atmospheric CO 2 . An important area to focus research effort is distinguishing among processes that result in short-term transient shifts in ecosystem carbon balance, from those that have the potential to cause long-term relatively permanent changes.
